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ABSTRACT  
 
This article is about the developing parameters and relationships for selecting 
a proper glass window applied with film as building envelopes for buildings 
located in a hot climate based on its thermal performances. Thermal comfort 
of the occupants sitting near the glass window is the thermal performance that 
needed to be considered besides the heat transmission in selecting a proper 
type of glass to use as a glass window for the building. The predicted 
percentage of dissatisfied (PPD) is chosen as a thermal comfort index. 45 
types of film and 1280 glass windows with film are investigated in this study. It 
can be shown that the thermal comfort index is dependent on the optical 
properties (total transmittance and total absorptance) and the overall heat 
transfer coefficient of glass windows with film. Glass window with film which 
has high transmittance shall have more discomfort due to solar radiation 
effect. Glass window with film which has high absorptance shall have more 
discomfort due to surface temperature effect. The discomfort from the surface 
temperature effect for double pane glass window with film is also dependent 
on the glass thickness other than the absorptance and the change in overall 
heat transfer coefficient. Expressions for predicting the performance of the 
glass windows with film in terms of thermal comfort are developed. 
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I .  Introduction  
 
Glass windows are common building envelopes used in many large office and commercial 
buildings in Thailand. Glass windows are installed as a physical and visual connection to 
outsiders as well as to make the appearance of buildings look more aesthetically pleasing. 
For a country located in the tropical zone (hot climate) like Thailand, glass windows installed 
in buildings also act as a means of admitting large amounts of solar radiation into buildings 
and converting it into building heat gain. This heat gain is then converted into building 
cooling load. Many countries in this tropical zone (i.e. Thailand, Singapore, Hong Kong, etc.) 
have issued energy conservation laws ( [1], [2] , [3], etc.) to control energy usage in buildings. 
These laws usually limit the amount of heat gain passing through the building envelope. 
Problems may arise when the existing buildings have values of heat gain through the 
building envelope (usually the glass windows) exceeding the regulation values. Besides 
changing the existing glass window to a better thermal performance glass, applied film to the 
glass window has become the easiest way to change building envelope properties in 
reducing the heat gain through the envelope to the regulation values. Data of film properties 
available for customer in Thailand are usually given in the form of overall values (not in 
function of wavelength) and the values given are usually referenced to clear glass. But glass 
used for glass windows in existing buildings can be of various types, such as, clear glass, 
tinted glass and reflective glass, etc. Therefore, when anyone wants to change glass window 
properties to reduce heat transmission by applying film to the glass window which is not a 
clear glass, he should not directly use the given film properties based on clear glass in the 
overall value in any analyses. The spectral optical properties of the individual glass and film 
are needed in order to find the combined spectral optical properties of the glass with film. 
 
The heat transmission through the glass window consists of the heat transmission in the 
conduction/convection mode and the radiation mode. The portion of the incident solar 
radiation on the glass window enters the room dependent on the glass window’s optical 
properties (transmittance and absorptance). The transmitted radiation becomes 
instantaneous room heat gain while the absorbed radiation in the glass window becomes the 
delayed heat gain (sometime called heat gain from the longwave radiation). The absorbed 
radiation will cause the glass temperature increased and the heat will then be reradiated into 
the room from the higher glass surface temperature to the lower room air temperature. Glass 
window affects the building not only in terms of heat transmission but also in terms of 
thermal comfort. Most people emphasize the issue of energy conservation in buildings by 
concentrated on reducing heat transmission through the building envelope. Applied film to 
the glass window can cause the value of total transmittance of the glass window with film 
reduced (which results in reducing heat transfer through glass window) but it also causes the 
value of the total absorptance of the glass window with film increased. The high absorptance 
of the glass window with film will make its surface temperature increased. The reradiated 
heat due to the high surface temperature could cause the people who stay close to the 
window feel uncomfortable though the value of the heat transmission through the glass 
window with film is reduced. Most of the time people tend to lower the temperature set point 
of the air conditioning system to compensate this uncomfortable condition which resulted in 
using more energy than necessary. Therefore a thorough understanding of the thermal 
performance of the building’s glass windows and glass window with films both from the 
aspect of heat transmission and thermal comfort is essential for design architects, design 
engineers and building owners. Chaiyapinunt et al. [4] have previously done some work on 
the thermal performance rating of the glass windows and glass windows with film under local 
design conditions in respect with heat transmission and thermal comfort. Singh et al. [5] have 
also studied the impact of different glazing systems on human thermal comfort in Indian 
scenario. In the previous work of [4], the predicted percentage of dissatisfied (PPD) and the 
relative heat gain (RHG) were chosen as the thermal comfort index and heat transmission 
index, respectively. Certain relationships between the thermal comfort index and the total 
optical properties of the glass windows and glass window with films, transmittance and 
absorptance, were developed. But only 4 types of film were studied then. In this article, the 
more comprehensive work on the effect of films applied on the glass window in aspects of 
human thermal comfort is investigated. 
 
ll.  Thermal performance and heat transmission 
indices and design condition 
 
Thermal comfort is defined as the condition of mind that expresses satisfaction with the 
thermal environment (ISO 7730 [6] and ASHRAE Standard 55 [7]). The predicted percentage 
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of dissatisfied (PPD) is chosen as the thermal comfort index in this study. PPD index is 
defined as the index predicting the mean response of a large group of people who will not be 
satisfied with the thermal environment they occupied. The other related thermal comfort 
index is the predicted mean vote (PMV) index. PMV index is defined as the index predicting 
the mean response of a large group of people to thermal environment. The index is classified 
as seven levels between +3(hot) and -3(cold) which level 0 is neutral. The values of PMV 
range of ± 0.5 which corresponding to the PPD value of 10% are usually accounted as 
acceptable condition. Fanger [8] related predicted mean vote (PMV) value to the parameters 
that affect thermal comfort and also related the PPD value to the PMV value by the following 
equations: 
 
 
 
 
(1) 
4 2(0.03353 0.2179 )100 95 − += − ⋅ PMV PMVPPD e          (2) 
 
where    M    =  metabolic rate per unit body, kcal/(hr-m2 ) 
   Pa    =   vapor partial pressure, mm Hg 
  fcl     =  clothing area factor 
Tmrt   =  mean radiant temperature, °C 
Ta     =   air temperature, °C 
 Tcl    =   clothing surface temperature, °C 
 hc     =   convective heat transfer coefficient, kcal/(hr-m2 ) 
 η      =   mechanical efficiency 
 
Unfortunately the expression of PMV using mean radiant temperature that does not account 
for solar radiation in equation 1 cannot be used for calculating PMV that includes the effect 
of solar radiation striking on the person in the enclosure. Therefore, in order to take into 
account the effect of solar radiation exposed to a person, there shall be two mean radiant 
temperatures in this study. The first is the mean radiant temperature of the enclosure that 
does not account for solar radiation (sometimes called unirradiated mean radiant 
temperature). This mean radiant temperature is mainly dominated by glass surface 
temperature. The second mean radiant temperature is the total mean radiant temperature 
that accounts for the effect from surface temperature and radiation that the person in the 
enclosure is exposed to. Such mean radiant temperatures as suggested by Fanger [8] can 
be written as 
 
4 4 4 0.25
1 1 2 2[( 273) ( 273) .......... ( 273) ] 273− − −= + ⋅ + + ⋅ + + + ⋅ − tmrt s p s p sn p nT t F t F t F C  (3) 
0.25
4( 273) 273 = + + ⋅ ⋅ − 
⋅  ε σ
smrt tmrt p k
p
qT T f a        (4) 
where Ttmrt    =  mean radiant temperature due to surface temperature, °C 
           Tsmrt   =  mean radiant temperature due to surface temperature and solar radiation, °C 
           tsj       =  surface temperature of the enclosure wall number j , °C  
           Fp-j     =  angle factor between the person and surface i  ( 1− =∑
n
p j
j
F ) 
 fp        =  projected area factor 
 ak       =  absorptance of the outer surface of the person (standard value = 0.6) 
ε p      =  emittance of the outer surface of the person (standard value = 0.97) 
 σ      =  Stefan Boltzmann constant, W/m2-K4 
q        =  solar radiation intensity passing through the glass window that the person in 
the enclosure exposed to, W/m2  
 
The solar radiation passing through the glass window q can be determined by the following 
relation as 
 
 ( )= ⋅ + ⋅θdirv diffv hermq I T I T      (5) 
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where   Idirv    =   direct solar radiation striking on the vertical glass surface (W/m2) 
 Idiffv    =   diffuse solar radiation striking on the vertical glass surface (W/m2) 
            T(θ)   =   glass transmittance which is dependent on incident angle 
             Therm  =  hemisphere glass transmittance  
 
 
As previously stated, equation 1 can be used to calculate only for the PMV that does not 
account for the solar radiation effect (PMVno solar), the PMV which also accounts for the 
solar radiation effect shall be calculated by using the relation suggested by Lyons [9] and 
Sullivan [10] as 
 
     
( )
( )
∂∂∂
= ⋅ ⋅
∂ ∂ ∂
k pmrt
mrt k p
a f qTdPMV PMV
dq T a f q q
    (6) 
        = + ⋅no solar
dPMVPMV PMV q
dq
     (7) 
PPD values that account for the solar radiation effect and surface temperature effect can be 
calculated from equation 2 by using PMV values obtained from equation 7. Then the value of 
PPD due to solar radiation effect (PPDsolar) can be obtained by subtracting the PPD value 
due to the surface temperature effect (PPDsurface temp) from total PPD value (PPDtotal) 
according to the relationship shown in equation 8. 
 
PPDtotal = PPDsurface temp + PPDsolar              (8) 
 
The glass window surface temperature and overall heat transfer coefficient can be calculated 
by using the method suggested by Finlayson et al. [11]. The calculation is done by balancing 
the heat flux of each layer of glass and environment. 
 
The validation of the mathematical models for thermal comfort index was carried out in 
Chaiyapinunt et al. [4]. 
 
For this study, the outside design condition was chosen based on 12 years (1988-1999) of 
Bangkok weather data collected by the meteorological department to represent a local 
design weather condition of a hot climate. The selection is done based on considering the 
most influential parameters on the thermal performance of the glass windows and glass 
windows with film. The parameter chosen is the solar radiation. The 0.4% annual cumulative 
frequency of occurrence for global radiation as suggested by ASHRAE [12] is selected. The 
outside design condition was then chosen as 
 
-  Direct normal solar radiation on glass windows and glass windows with film = 658 
W/m2 
-  Diffuse solar radiation on glass windows and glass windows with film = 111 W/m2 
-  Outside air dry bulb temperature = 35 °C 
-  Outside wind velocity = 3.8 m/s 
 
The room that was used in the mathematical model to calculate the thermal performance of 
the glass windows with film for the study is 4 meters by 4 meters and 3 meters in height with 
one external wall and three internal partitions. Glass windows with film are installed in the 
whole area of the external wall, facing west. The person in this study sits turning sideways to 
the glass window at a distance of 1 meter. The typical working conditions for an office in 
Bangkok are chosen as the design condition. The inside design condition in this study is then 
chosen as 
 
-  Inside air dry bulb temperature = 25 °C 
- Inside air velocity = 0.15 m/s 
- Relative humidity = 50 % 
- Clothing insulation = 0.5 clo. 
- Metabolic rate for activity = 1.2 met (1 met = 58 W/m2) 
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lll. Glass window and films 
 
Glass windows that are commonly used in buildings can be classified as single pane glass 
and double pane glass. Glass is also classified according to the type as clear, tinted, 
reflective and low-e glass. Clear glass and tinted glass are usually referred to the same 
group according to the manufacturing method. Reflective, low-e and glass applied with film 
are usually referred to another group. Reflective glass is a clear or tinted glass coated with 
thin metallic film by using a sputtering technique. Low-e glass is a double pane clear glass or 
tinted glass with a low emissivity coating on the inner surface of the outer pane glass. 
Therefore reflective glass and low-e glass are usually defined as special types of glass 
applied with film. Each type of glass has unique spectral optical properties which varied with 
the wavelength. The solar radiation has spectral range from about 0.38 to 3.5 µm. The range 
of wavelength of the solar radiation spectrum is divided into the visible range (0.38-0.76 µm) 
and the infrared range (0.76-3.5 µm). The spectral optical properties are dependent on the 
type and thickness of the glass. The spectral optical properties of glass, the transmittance, 
absorptance and reflectance, are the main properties that affect on the thermal performance 
of the glass windows. Since the summation of the three properties (transmittance, 
absorptance and reflectance) is equal to one. One property of glass will affect the other two 
(i.e. glass with high transmittance will have low absorptance and reflectance). The normal 
incidence spectral transmittance of clear glass and tinted glass are shown in Figures 1 and 2 
as examples to illustrate the effect of glass type and thickness on the spectral optical 
properties. Figure 1 shows the normal incidence spectral transmittance of clear glass of 
different thickness. The effect of glass thickness on the transmittance is clearly seen in the 
infrared range, the thicker the glass the less transmittance value it shall have, while the glass 
thickness has less effect on the transmittance in the visible range. Figure 2 shows the 
normal incidence spectral transmittance of clear glass and tinted glass of 6 mm thickness. 
The effect of color in the tinted glass on the transmittance is shown in Figure 2. It is found 
that tinted glasses have lower spectral transmittance values for the whole spectrum ranges 
considered compared to the clear glass of the same thickness. 
 
Film is a substance that design for applying to the glass to change the glass optical 
properties. The spectral optical properties of glass window applied with film of different types 
can be obtained by combining the spectral optical properties of individual glass and film 
using the method suggested by Rubin et al.[13]. Then the total optical properties of the glass 
windows with film could be obtained by integrating the product of the spectral properties and 
the spectral irradiance over the assigned wavelength range (0.32 – 2.5 micron is chosen to 
be limit of integration) and weighting it with the result from the integration of the spectral 
irradiance itself over the same assigned wavelength range. 
 
Most of the films available in the market are listed in the OPTIC5 library [14] . In this study, 
45 types of film (all of the available films from OPTIC5 library) are chosen. They are grouped 
into 6 groups according to the pattern of the spectral transmittance and reflectance. For films 
in group A, the pattern of the spectral transmittance in the visible range (0.38-0.76 µm) is 
similar to the spectral transmittance in the infrared range (0.76-3.5 µm). There are 12 types 
of film that fall into group A. For films in group B, the spectral transmittance in the visible 
range is larger than the spectral transmittance in the infrared range. There are 16 types of 
film that fall into group B. For films in group C, the pattern of the spectral transmittance in the 
visible range has a peak value at the beginning of the range and then decreasing values 
towards the end of the range. The pattern of spectral transmittance in the infrared range is 
similar to the one in the visible range. There are 3 types of film that fall into group C. For 
films in group D, the pattern of the spectral transmittance has a peak value at the beginning 
of the visible range and then decreasing values towards the end of the infrared range. There 
are 3 types of film that fall into group D. For films in group E, the values of spectral 
transmittance and reflectance in the infrared range are about the same as the values in the 
visible range. There are 6 types of film that fall into group E. For films in group F, the spectral 
transmittance has a small value in the visible range and has a very high value (0.8-0.9) in the 
infrared range. There are 5 types of film that fall into group F. Table 1 shows a list of films 
group A to F according to the names assigned in OPTIC5. Figure 3 shows an example of the 
spectral optical properties of 6 groups of film. 
 
By considering the pattern of spectral optical properties for the films chosen, it is found that 
the films in group F are not suitable for commonly used in a hot climate. The films in group F 
when applied to the glass window will admit more heat through the window (which is not a 
preferred condition for building located in a hot climate) while cutting out some light. 
Therefore by neglecting films in group F, 40 types of film that are suitable for use in hot 
doi:10.4186/ej.2009.13.1.29 
34     ENGINEERING JOURNAL  : VOLUME 13 ISSUE 1 ISSN 0125-8281 : ACCEPTANCE DATE, JAN. 2009                 www.ej.eng.chula.ac.th 
climates are chosen for this study. These films are applied to the inside glass surface 
(surface that is facing into the room) 34 Engineering Journal of clear glass and tinted glass 
(green, grey and bronze glass) of different thicknesses creating 640 types of single pane 
glass window with film and also creating another640 types of double pane glass window with 
film. Figure 4 shows an example of the spectral optical properties of the single pane clear 
glass applied with films of different groups. 
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Figure 1 
The comparison of the 
normal incidence 
spectral transmittance 
of clear glass for 
different thickness. 
 
 
 
 
 
 
 
 
 
Figure 2 
Normal incidence 
spectral transmittance 
of clear glass and 
tinted glass with 6 mm 
thickness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 
Example of the 
spectral transmittance 
(T), front spectral 
reflectance (Rf), and 
back spectral 
reflectance (Rb) of the 
6 groups of film. 
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IV. Performance of glass window with films 
 
With the known optical property data of the glass window with films, their thermal properties,  
such as overall heat transfer coefficient, shading coefficient, solar heat gain coefficient and 
glass surface temperature that are based on Thailand design weather conditions, are 
calculated by using the method suggested by Finlayson et al. [11]. Then, with the calculated 
glass surface temperature, the mean radiant temperature due to surface temperature and 
total mean radiant temperature can be calculated. The thermal comfort index (PPD) is then 
calculated. 
 
Since there are about 1,280 glass windows with film to be analyzed, only certain typical 
results from the analysis are shown in this article. The results of the analysis for some typical 
selective glass window with films of 6 mm thickness are shown in figure 5. The PPD of the 
same single pane and double pane selective glasses that are not applied with films along 
with reflective glasses are also shown in figure 5 for comparison. From figure 5, one can see 
that most of the glass (without films applied) with the exception of the reflective glasses have 
a value of PPD due to solar radiation effect greater than the value of PPD due to surface 
temperature effect. For single pane glass, clear glass has the highest value of total PPD. For 
double pane glass, clear glass also has the highest value of total PPD. This means that 
people who sit near clear glass windows will experience high discomfort due to direct solar 
beam striking them more than discomfort caused by the effect of high surface temperature. It 
is found that people sitting near tinted glass windows (green, grey and bronze glass) will feel 
a lesser discomfort effect compared to the case of clear glass windows. This is due to the 
difference in the optical properties of clear glass and tinted glasses. Though the PPD due to 
the solar radiation effect of the tinted glass is reduced but the PPD due to the surface 
temperature effect is increased due to the high absorptance of tinted glass. Only single pane 
and double pane reflective glass chosen, which have greater values in reflectance and 
absorptance than transmittance, have the value of PPD due to surface temperature effect 
greater than the value of PPD due to solar radiation effect. 
 
Applying film to the glass window usually causes the total transmittance of the glass window 
with film to reduce and cause the total absorptance of the glass window with film to increase. 
When selected films from groups A, B, C, D and E are applied to the single pane clear glass 
and single pane tinted glass (bronze glass, in this case), one can see from figure 5 that the 
total discomfort effect is reduced compared to the case of plain glass of the same kind. It is 
found that, for the glass window with film, the PPD due to solar radiation effect is reduced 
while the PPD due to surface temperature effect is increased compared to the plain glass. 
The amount of the reduced value of PPD due to the solar radiation effect and the amount of 
the increased value of PPD due to the surface temperature effect compared to the plain 
glass are dependent on the optical properties of certain glass window with film. In this case 
film type C gives the greatest reduction in total discomfort compared to other types of film 
considered. Therefore it can be generally said that applying film to glass windows will reduce 
the discomfort due to the solar radiation effect but increase the discomfort from the surface 
temperature effect. 
 
When applying film to double pane glass window (3, 6, 8 and 12 mm thickness with 6 mm air 
gap), it is found that the value of PPD due to surface temperature effect is increased 
significantly compared to plain glass window of the same kind. Therefore though the 
 
 
 
 
 
 
 
 
Figure 4 
Normal incidence 
spectral transmittance 
of clear glass and 
tinted glass with 6 mm 
thickness. 
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discomfort due to solar radiation effect is reduced but the total discomfort of the double pane 
glass window with film might not be necessarily reduced because of the significant 
increasing in discomfort due to the surface temperature effect. From figure 5, it is found that 
applying film to double pane clear glass window causes the total PPD to be decreased 
compared to the total PPD of the plain double pane clear glass window. But when films are 
applied to a double pane bronze glass window the total PPD is increased compared to the 
total PPD of the plain bronze glass window. The reason is that applying film to the double 
pane bronze glass window, which already has rather high value of absorptance, causes the 
total value of absorptance of the glass window with film getting higher. Though, applying the 
film to the glass will cause the discomfort from the solar radiation effect reduced but it also 
causes the discomfort from the surface temperature increased due to high value of 
absorptance. The significant increase in the discomfort from the surface temperature effect 
for the double pane bronze glass windows with film makes the total discomfort getting higher 
than the plain double bronze glass window. And from figure 5, it is also interesting to see that 
though the value of the total PPD (discomfort condition) of the single pane clear glass is 
greater than the value of the total PPD of the double pane clear glass, but when film is 
applied to the glass windows the effect of the discomfort is reversed; the total discomfort 
from the double pane clear glass windows with film is higher than the total discomfort from 
the single pane clear glass window with film of the same type. Therefore, it can be said that 
applying film to glass windows usually causes the total discomfort to be reduced (increase 
discomfort due to surface temperature and reduce discomfort due to solar radiation) but one 
has to be very careful when applying film to double pane glass windows, especially the 
double pane tinted glass windows, to reduce the discomfort effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
V. Expressions for predicting  
thermal comfort conditions 
 
Finally all the results of glass windows with film obtained (1280 glass windows with film) are 
grouped together and analyzed to find some relationship between the thermal comfort index 
and the optical properties of glass window with film. The total optical properties of glass 
indow with film, transmittance and absorptance, are chosen as the representing 
parametersinstead of the spectral optical properties. The analysis is done by separating 
glass window with films into 2 groups. They are single pane clear and tinted glass with film 
and double pane clear and tinted glass with film. 
 
5.1 Single pane clear and tinted glass with film 
 
As for single pane glass window with films (640 glass window with films), the relationship 
between the PPDsolar and total transmittance and the relationship between the PPDsurface temp 
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Figure 5 
Values of the thermal 
comfort index (PPD) 
for different glass and 
glass with film (group 
A to E). CLR = single 
pane clear glass, BRZ 
= single pane bronze 
glass, GRY = single 
pane grey glass, GRN 
= single pane green 
glass, REF-1 = single 
pane reflective glass, 
REF-2 = double pane 
reflective glass, CLR-2 
= double pane clear 
glass, BRZ-2 = double 
pane bronze glass, 
LOW-E = low-e glass, 
F-A to F-E refer to film 
group A to E adhered 
to clear and bronze 
glass. 
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and total absorptance are shown in figures 6 and 7. From figure 6 it is found that the PPDsolar 
is varied linearly with the total transmittance of the glass window with film. From figure 7, the 
relationship between the PPDsurface temp and total absorptance falls into 3 separate curves 
characterized as groups 1, 2 and 3. It can be said that the discomfort from the solar radiation 
effect is increased with the transmittance value of the glass window with film. The discomfort 
from the surface temperature effect is also increased with the value of absorptance of the 
glass window with film. Since the summation of the three properties (transmittance, 
absorptance and reflectance) is equal to one. One property of glass window with film will 
affect the other two (i.e. glass window with film having high transmittance will have low 
absorptance and reflectance). Therefore, in order to choose a proper glass window with film, 
a balance choice between discomfort from the solar radiation effect and discomfort from the 
surface temperature effect has to be carefully considered. From the analysis, in the 40 types 
of film, there are 18 types of film that characterized as film group 1. Films in this group when 
applied to the glass window, the glass window with films have overall heat transfer 
coefficient values larger than the overall heat transfer coefficient of the glasses without film. 
There are 18 types of film that characterized as film group 2. Films in this group when 
applied to the glass window, the glass window with films have overall heat transfer 
coefficient values slightly less than the overall heat transfer coefficient of the glasses without 
film (0.1 to 8 percent). There are 4 types of film that characterized as film group 3. Films in 
this group when applied to the glass window, the glass window with films have overall heat 
transfer coefficient values less than the overall heat transfer coefficient of the glass without 
film about 20 percent. Table 2 shows a list of the film types in the 3 groups according to the 
name given in the library of OPTIC5. The relationships shown in figures 6 and 7 can be 
written as the following:  
 
    98.853 1.0723= −τsolar TPPD      (9) 
Film group 1       1.52395.40401= TAsurface tempPPD e      (10) 
Film group 2       1.55985.11011= TAsurface tempPPD e      (11) 
Film group 3       1.70825.3676= TAsurface tempPPD e      (12) 
 
where      Tτ     =  total transmittance 
      TA     =  total absorptance 
 
5.2 Double pane clear and tinted glass with film 
 
As for double pane glass window with films (640 glass window with films) the relationship 
between the PPDsolar and total transmittance and the relationship between the PPDsurface temp 
and total absorptance are shown in figures 8 and 9. From figure 8, it is found that the PPDsolar 
is varied linearly with the total transmittance of the glass window with film. From figure 9, the 
relationship between the PPDsurface temp and total absorptance is quite spread out so that one 
cannot get an accurate expression. But on further separating double pane glass with film 
according to its thicknesses (3, 6, 8 and 12 mm with 6 mm air gap), the relationship between 
the PPDsurface temp and total absorptance falls into 3 separate curves characterized as groups 
1, 2 and 3 (as shown in table 2) similar to the case of single pane glass with film. It can be 
seen that glass window with films in group 3 have the most discomfort due to surface 
temperature effect among the 3 groups of glass window with films for the same absorptance. 
These relationships are shown in figures 8, 10, 11, 12 and 13. For the double pane glass 
window with film, the discomfort from the solar radiation effect is increased with the 
transmittance value of the glass window with film and the discomfort from the surface 
temperature effect is also increased with the value of absorptance of the glass window with 
film. The relationships are written as follows: 
 
99.083 0.59= +τsolar TPPD     (13) 
Film group 1 on 3 mm glass   2.7213.9971= TAsurface tempPPD e    (14) 
Film group 2 on 3 mm glass   2.8753.8922= TAsurface tempPPD e    (15) 
Film group 3 on 3 mm glass   3.38913.9545= TAsurface tempPPD e    (16) 
Film group 1 on 6 mm glass   2.69033.4722= TAsurface tempPPD e    (17) 
Film group 2 on 6 mm glass   2.86523.2477= TAsurface tempPPD e    (18) 
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Film group 3 on 6 mm glass   3.27383.3607= TAsurface tempPPD e    (19) 
Film group 1 on 8 mm glass   2.68673.2302= TAsurface tempPPD e    (20) 
Film group 2 on 8 mm glass   2.87382.9739= TAsurface tempPPD e    (21) 
Film group 3 on 8 mm glass   3.22233.1706= TAsurface tempPPD e    (22) 
Film group 1 on 12 mm glass  2.69692.8161= TAsurface tempPPD e    (23) 
Film group 2 on 12 mm glass  2.9172.5116= TAsurface tempPPD e    (24) 
Film group 3 on 12 mm glass  3.22672.7255= TAsurface tempPPD e    (25) 
 
With the information about the total optical properties (transmittance and absorptance), the 
change in overall heat transfer coefficient and the thickness (in case of double pane glass) of 
the glass window with film, the thermal comfort index of the glass window with film can be 
obtained from the expressions in equations 9 to 25. The discomfort condition obtained can 
be another important parameter to be considered in choosing a proper glass window with 
film for building envelope besides the reduction in heat transmission through the glass 
window with film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 
Relationship between 
the PPD due to solar 
radiation and the total 
transmittance of the 
single pane glass 
windows with film. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 
Relationship between 
the PPD due to 
surface temperature 
and the total 
absorptance of the 
single pane glass 
windows with film. 
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Figure 8 
Relationship between 
the PPD due to solar 
radiation and the total 
transmittance of the 
double pane glass 
windows with film. 
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Figure 9 
Relationship between 
the PPD due to 
surface temperature 
and the total 
absorptance of the 
double pane glass 
windows with film. 
 
 
 
 
 
 
 
 
Figure 10 
Relationship between 
the PPD due to 
surface temperature 
and the total 
absorptance of the 
double pane glass 
windows of 3 mm 
thickness with film. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 
Relationship between 
the PPD due to 
surface temperature 
and the total 
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Vl. Conclusion 
 
The study indicates that the total optical properties of the glass window with film; 
transmittance and absorptance, are the important parameters among the other parameters 
(change in the overall heat transfer coefficient and glass thickness, etc.) in determining the 
thermal performance of glass windows with film in terms of thermal comfort index (PPD). In a 
country located in a hot climate, most of the glass window without film (clear and tinted 
glass) has values of PPD due to solar radiation effect larger than the values of PPD due to 
surface temperature effect. Only reflective glasses, which have values of reflectance and 
absorptance greater than the values of transmittance, have values of PPD due to surface 
temperature effect higher than the values of PPD due to solar radiation effect. Film when 
applied to the glass windows will cause the transmittance of the glass window with film to 
decrease and cause the absorptance of the glass window with film to increase. Therefore 
glass windows with film have values of PPD due to the solar radiation effect decreased and 
values of PPD due to the surface temperature effect increased when compared to the plain 
glass windows. It is also found that the discomfort due to the surface temperature effect is 
increased significantly when film is applied to double pane glass windows. Care has to be 
taken when one wants to apply film to glass windows to reduce the heat gain because it 
always raises discomfort due to the surface temperature effect. 
 
Though films in this study can be classified according to the pattern of their spectral optical 
properties (which have a direct effect on the performance of the glass windows with film) into 
6 groups, it is interesting to find from this study that the PPD due to the solar radiation effect 
of all the single pane and double pane glass windows applied with 5 groups of film 
considered is varied linearly with the total transmittance and is not dependent on the type of 
film. The relationships between the PPD due to the surface temperature effect and the total 
absorptance of the glass windows with film can be written as three separate groups. These 
groups are classified according to the variation of the overall heat transfer coefficient of glass 
windows applied with film compared to the overall heat transfer coefficient of the plain glass 
windows. For double pane glass windows with film, the glass thickness becomes another 
 
 
 
 
 
 
 
Figure 12 
Relationship between 
the PPD due to 
surface temperature 
and the total 
absorptance of the 
double pane glass 
windows of 8 mm 
thickness with film. 
 
 
 
 
 
 
 
 
Figure 13 
Relationship between 
the PPD due to 
surface temperature 
and the total 
absorptance of the 
double pane glass 
windows of 12 mm 
thickness with film. 
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important parameter in defining the relationships between the PPD due to the surface 
temperature effect and the total absorptance.  
 
With the values of the change in overall heat transfer coefficient compared to the plain glass 
and the expressions for the relationship between the PPD and the total optical properties, 
transmittance and absorptance, of glass windows with film developed in this study, the 
thermal performance of glass windows with film on human thermal comfort can be accurately 
predicted.  
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Table 1 
Film characterized 
according to the 
pattern of its spectral 
optical properties into 
6 groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 
Film characterized 
according to the 
variation of the overall 
heat transfer 
coefficient into 3 
groups. 
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